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Introduction
Human and animal studies suggest that excessive ethanol intake can lead to brain damage (Pfefferbaum et al., 1992; Ke et al., 2011) . Binge alcohol drinking represents the most common pattern of drinking in 40-60% of alcohol abusers (Robin et al., 1998) . Chronic binge drinking leads to the alteration of brain structure, neurological function impairment, and cognitive deficits in humans and rodents (Harding et al., 1997; Bowden et al., 2001; Nardelli et al., 2011; Fernandez et al., 2017) . Ethanol-induced structural alteration varies across brain regions; cerebral cortex, cerebellum, and limbic system have the most neurodegeneration (Collins et al., 1996; Crews et al., 2000; Obernier et al., 2002; Crews and Nixon, 2009; Fernandez et al., 2017) . However, the mechanisms underlying ethanol-induced neurodegeneration remain unclear.
It has been suggested that inflammation and oxidative stress play a pivotal role in ethanol-induced neurodegeneration (Lucas et al., 2006; Qin et al., 2008; Zou and Crews, 2010; Qin and Crews, 2012) . Ethanol can increase proinflammatory cytokines in the central nervous system (CNS) through activating local neuroinflammation or systemic inflammation (Ferrier et al., 2006; Banks and Erickson, 2010; Leclercq et al., 2012) . On the other hand, ethanol and its metabolite, acetaldehyde, can produce reactive oxygen species (ROS) and thereby causeEndoplasmic reticulum (ER) is machinery that regulates protein folding and primes the degradation of misfolded proteins through proteasome, lysosome, and autophagy pathways (Kaushik and Cuervo, 2015) . Protein folding in the ER is highly regulated, and only properly folded proteins can bypass quality control surveillance and shuttle to the Golgi compartment. In the ER, protein chaperones retain misfolded proteins through interactions and eventually target them for degradation either by the ubiquitin-proteasome system (UPS) or by the autophagy-lysosome system. A variety of conditions, such as pathogen infection, nutrient deprivation, inflammation, alterations in ER luminal Ca 2+ or redox status, and toxic chemicals disrupt protein folding in the ER and cause the accumulation of unfolded proteins, which is referred to as ER stress (Ron, 2002) . ER stress activates an unfolded protein response (UPR) to eliminate unfolded or misfolded proteins in the ER. The UPR is regulated through three ER-localized transmembrane proteins, Inositol-requiring kinase (IRE1), protein kinase RNA-like endoplasmic reticulum kinase (PERK), and activating transcription factor 6 (ATF6) (Marciniak and Ron, 2006) . When ER stress is excessively activated, and the cellular function cannot be restored, it leads to cell death (Hetz and Saxena, 2017) . mTOR is a member of a family of serine/threonine kinases. mTOR signaling interacts with ER stress on multiple levels (Appenzeller-Herzog and Hall, 2012) . ER stress can act both downstream and upstream of mTOR signaling. The best-characterized ER stress pathway downstream of mTOR was Ire1α-JNK, in which activation of mTOR leads to ER stress-induced cellular apoptosis (Kato et al., 2012) . ER stress also acts upstream of mTOR signaling in which ATF6 upregulates PI3K-Akt-mTOR axis (Kato et al., 2012) . Ethanol-induced ER stress is linked with multiple organ injuries. Ethanol feeding induces ER stress in pancreas; the enhancement of ER stress was found in acute pancreatitis (Kubisch et al., 2006; Pandol et al., 2010; Lugea et al., 2011) . ER stress has been proposed as a key mechanism for alcohol-induced liver disease (ALD) (Ji et al., 2005; Ji and Kaplowitz, 2006; Dara et al., 2011; Ji et al., 2011) . Recent studies also showed that ER stress is upregulated in the myocardium of alcoholfed mice (Li and Ren, 2008; Li et al., 2009) . We previously showed that ethanol induces ER stress in cultured neuronal cells and the developing brain (Chen et al., 2008; Ke et al., 2011) . Here, we hypothesized that ER stress might also be involved in neuronal damage of alcoholics. In the present study, we sought to determine whether binge-like ethanol exposure induces ER stress in the adult mouse brain and whether mTOR signaling is involved in ethanol-induced ER stress.
Materials and methods

Reagents and antibodies
We purchased the reagents for the measurement of ethanol from Analox instruments (London, UK). 4-Hydroxynonenal (HNE) adduct assay was from Cell Biolabs, Inc. (San Diego, CA). Rapamycin was from EMD Millipore (Burlington, MA). ATF6 was from LifeSpan Biosciences (Seattle, WA). mTOR, p-mTOR, 4EBP1, p-4EBP1, p70S6K, p-p70S6K, eukaryotic initiation factor 2α (eIF2α), p-eIF2α, Ki-67, p-PERK, cleaved caspase-3, and cleaved caspase-12 antibodies, were from Cell Signaling Technology (Danvers, MA). GRP78 antibody was from Novus Biologicals (Littleton, CO). X-box binding protein-1 s (XBP1s) antibody was from BioLegend (San Diego, CA). Doublecortin (DCX) antibody was from Abcam (Cambridge, MA). CCAAT/−enhancer-binding protein homologous protein (CHOP) antibody was from Thermo Fisher Scientific (Rockford, IL). HRP-conjugated anti-rabbit and anti-mouse secondary antibodies were from GE Healthcare Life Sciences (Piscataway, NJ). Mounting media containing 4′, 6-diamidino-2-phenylindole (DAPI) was from Vector Laboratories (Burlingame, CA). Alexa-488 conjugated anti-rabbit and Alexa-594 conjugated anti-mouse antibodies were from Life Technologies (Grand Island, NY). Ketamine/ xylazine was from Butler Schein Animal Health (Dublin, OH). Other chemicals and reagents were purchased either from Sigma-Aldrich or Life Technologies (Frederick, MD).
Animal model
Eight-week male C57BL/6 mice were from Jackson Laboratories (Bar Harbor, Maine). All study procedures are approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Kentucky and performed following regulations for the Care and Use of Laboratory Animals set forth by the National Institutes of Health (NIH) Guide. Twenty four mice were used for each time course and randomly assigned to two groups: water control group (n = 12) and ethanol group (n = 12). The mice received water or ethanol (5 g/kg, i.g., 25% ethanol w/v) intragastrically once daily for 1, 5 or 10 days with volume matched. At 1 h after the last gavage, blood was extracted from the mouse tail veins, spun down, and the supernatant (serum) was aspirated directly to the measurement of blood ethanol concentration using an Analox AM 1 analyzer (Lunenburg, MA). At 6 h after the last gavage, the mice were sacrificed and the brains were dissected for biochemical or histological analyses. For behavioral tests, twenty mice were gavaged with water (n = 10) or ethanol (n = 10) at the above dose for 10 consecutive days and then subjected to behavioral tests as described below.
Behavioral tests
Open Field Activity and Elevated Plus Maze are experimental tests used to assess general levels of locomotor activity and anxiety in rodents. Morris Water Maze is a behavioral procedure to assess spatial learning and memory in rodents. They have been widely used to study the effect of ethanol exposure on animal behavioral changes (Zhang et al., 2007; Ji et al., 2018) . All behavioral tests were performed at the University of Kentucky Rodent Behavior Core.
Open Field Activity (OFA)
On the third day after the last gavage, all animals were brought from their housing room to the test room in clean holding cages for a ten-minute habituation period before testing. Open Field is a square chamber (50 × 50 × 40 cm) with opaque white walls and floors. Each animal was placed in the chamber and tested for 15 min using a computer-operated EthoVision XT system (Noldus, Wageningen, The Netherlands). The total distance traveled and time spent in the center area was calculated by tracking the animal's midpoint relative to predetermined boundaries on the video images of each apparatus. The center was defined as a centered, square zone with a length and width half the length and width of the Open Field.
Elevated Plus Maze (EPM)
Following the OFA, the test animals were given a two-hour rest period before beginning the EPM test. EPM is made up of two open arms (50 × 10 cm) and two closed arms (50 × 10 × 40 cm) that are elevated above the floor. Each animal was placed in the intersection between open arms and closed arms and tested for a five-minute session using a computer-linked EthoVision XT system (Noldus, Wageningen, The Netherlands). The total distance traveled, and total entries to the open arms or closed arms were recorded and calculated by tracking the animal's midpoint relative to predetermined boundaries on the video images of each apparatus.
Morris Water Maze (MWM)
On the fifth day after the last gavage, animals were transferred to the test room for a ten-minute habituation period before MWM testing. The MWM is a round plastic tub, about 107 cm in diameter, made opaque using white non-toxic water-based paint and then filled with water (25-26°C). We placed a hidden escape platform (15 × 15 cm) 1 cm under the surface of the water in a fixed location. Four visible extra-maze cues were posted on the walls around the maze. Each mouse was placed in the pool from different drop locations between trials and allowed to swim until they found the submerged platform. If they did not find the platform within 60 s, they were gently guided to the platform and remained on the platform for 10 s before being removed for a five-minute intertrial interval. Each animal had four trials for five consecutive days and the latency to reach the platform and distance traveled for each trial was recorded with Ethovision XT (Noldus Information Technology, The Netherlands).
Western blotting
Ethanol-induced neurodegeneration varies across brain regions; cerebellum, cortex and limbic system show the most sensitivity to ethanol neurotoxicity (Obernier et al., 2002; Crews and Nixon, 2009 ). We therefore examined the effect of ethanol on the cerebelum and cortex of mice. Proteins were extracted from cerebellum, cortex, and liver or cultured cells as previously described (Wang et al., 2015) . Around 30-50 μg of extracted protein was used in Western blots to examine the levels of ER stress markers (GRP78, p-eIF2α, CHOP, XBP1s, and ATF6), mTOR signaling (p-mTOR, p-4EBP1, and p-p70S6K), and apoptotic markers (cleaved caspase-3 and caspase-12). The nitrocellulose membranes were first probed with specific primary antibodies overnight at 4°C. After washing with phosphate-buffered saline (PBS) containing 0.05% Tween-20 three times, the membranes were incubated with anti-rabbit or anti-mouse secondary antibodies (Horseradish peroxidase-conjugated) for 1 h at room temperature. Protein-specific signals were then detected with enhanced chemiluminescence substrate (GE Healthcare, Chalfont, Buckinghamshire, UK) using a Chemi™Doc imaging system (Bio-Rad 215 Laboratories, Hercules, CA) and then quantified with the software of Image lab 5.2 (BioRad Laboratories, Hercules, CA).
Fluoro-jade C staining
Fluoro-Jade C is fluorescein-derived fluorochrome. Fluoro-Jade C staining is a commonly used method to label degenerating neurons due to its greatest signal to background ratio (Schmued et al., 2005) . Brain tissues were fixed with 4% paraformaldehyde (PFA) overnight and then transferred to 30% sucrose to dehydrate. The brain tissues were sectioned sagittally at a thickness of 15 μm and then mounted onto superfrost/plus slides. After immunostained with NeuN (a marker for mature neurons) antibody, these sections were rehydrated in distilled water for 2 min and then transferred to a 0.06% potassium permanganate solution and incubated for 10 min. After rinsing in distilled water for 2 min, the sections were covered with Fluoro-Jade C working solution (0.0001% Fluoro-Jade C in 0.1% acetic acid) for 10 min. Next, the sections were rinsed in distilled water, dehydrated and covered with mounting and imaged with an inverted fluorescent microscope (IX81, Olympus).
Immunochemistry and immunofluorescence
We evaluated neurogenesis/proliferation level in the mouse brain by immunostaining of Ki-67 in subventricular zone (SVZ) and DCX in subgranular zone (SGZ). SVZ and SGZ are two regions in adult brain Fig. 1 . Binge ethanol exposure induces neurodegeneration in mouse brain. A, C, E. C57BL/6 mice received water (control) or ethanol intragastrically for 1, 5, or 10 days and brain tissues were dissected to assess the level of cleaved caspase-3 (C-C3) and cleaved caspase-12 (C-C12) by Western blotting. B, D, F. The protein levels of C-C3 and C-C12 were normalized to β-actin and expressed relative to control. Six animals (n = 6) were used in each group to calculate the mean ± SEM. *P < .05 or **P < .01 vs. control. G. Representative images showing Fluoro-Jade C-(green) and NeuN-(red) positive cells in the brain of either water-or ethanoltreated mice for 10 days. H. Total RNA was prepared from the cerebellum or cerebral cortex of water-(control) or ethanol-treated mice for 10 days to assess the level of proinflammatory cytokines (MCP-1, TNF-α, IL-6, and IL1β) by RT-qPCR. The mRNA level of these cytokines was normalized to 18 s rRNA and expressed relative to control. Three to six samples (n = 3-6) were used in each group to calculate the mean ± SEM. *P < .05 vs. control. Scale bar: 20 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) that have been demonstrated to give rise to neural stem cells or progenitor cells (Crews and Nixon, 2003) . DCX is a microtubule-associated protein expressed in neuronal precursor cells and immature neurons. Ki-67 is used as a marker of proliferating cell in cancer biology and neuroscience. Mouse brains were dissected and processed for immunofluorescence (IF) or immunochemistry (IHC) staining as previously described (Ke et al., 2011; Chen et al., 2012) . The brain sections were incubated with 0.3% H 2 O 2 in methanol, permeabilized with 1% Triton X-100 and blocked with 1% BSA at room temperature. Doublecortin (DCX) in the SGZ of mouse brain was immunostained with rabbit polyclonal anti-DCX antibody (1:500). Ki-67 in the SVZ of mouse brain was immunostained with rabbit polyclonal anti-Ki-67 antibody (1:500). The sections were then incubated with anti-rabbit secondary antibody conjugated to Alexa Fluor 488 or biotin. The immunolabelings were visualized using nickel-enhanced 3,3′-Diaminobenzidine (DAB) or Alexa Fluor 488 (green) and imaged with an inverted fluorescent microscope (IX81, Olympus).
Protein carbonyl assay and HNE assays
Protein carbonyl assay is a colorimetric assay for the measurement of oxidized proteins, indicative of oxidative stress. Cerebellum, cortex or liver were homogenized in 1 ml of cold buffer containing 50 mM of phosphate, pH 6.7 and 1 mM EDTA with the final protein concentration at a range of 1-10 μg/ul. The homogenate was centrifuged, and the supernatant was collected for the assay. Briefly, 200 ul of the supernatant was transferred to two 2 ml tubes; one tube was the sample tube, and the other one was the control tube. 800 μl of 2,4-dinitrophenylhydrazine (DNPH) was added to the sample tube, and 800 ul of 2.5 M HCl was added to the control tube. Both tubes were vortexed every 15 min and remained at room temperature for one hour. Next, 1 ml of 20% trichloroacetic acid (TCA) was added to the sample tube and the control tube, and the mixtures remained on ice for five minutes. Proteins were precipitated by centrifuging, and the pellets were washed using ethanol/ethyl acetate mixture twice. The protein pellets were resuspended in 500 μl of guanidine hydrochloride. Then, 150 μl of protein was transferred from the sample tube and control tube to three wells in a 96-well plate, and the absorbance was measured at a wavelength of 360-385 nm using a plate reader. The corrected absorbance (CA) was calculated by subtracting the average absorbance of the control tube from the average absorbance of the sample tube. The final carbonyl content was determined using the following equation: Carbonyl content (mmol/mg) = [CA/(*11 mM −1 )]*(500 μl/ 200 μl) /(protein mg/ml). HNE adduct assay is for the measurement of lipid peroxidation, another index for oxidative stress. Protein lysates were prepared from samples (cerebellum, cortex, or liver). 50 μl of protein lysates or HNE-BSA standard were added to wells pre-coated with HNE conjugates. After a brief incubation, 50 μl of the diluted HNE antibody was added to the wells and incubated for 1 h, followed by addition of an HRP conjugated secondary antibody. The wells were washed and then incubated with substrates for 20 min. The absorbance was read on a microplate reader using 450 nm, and the content of HNE protein adducts was calculated by comparison with a predetermined HNE-BSA standard curve.
Cell culture and drug treatments
N2a cells are mouse neuroblastoma cell line that has been used to study neurite outgrowth, neurotoxicity, and Alzheimer's disease (Lepage et al., 2005) . N2a cells were maintained in DMEM medium supplemented with 10% fetal bovine serum (FBS) and 1% streptomycin/penicillin. For ethanol treatment, N2a cells were serum starved overnight and then incubated with complete medium containing 0.2% Fig. 2 . Binge ethanol exposure induces endoplasmic reticulum stress in mouse brain. A, C, E. C57BL/6 mice were treated with water or ethanol as described in Fig. 1 and brain tissues were dissected to assess the level of ER stress markers by Western blotting. B, D, F. The protein levels of ER stress markers were normalized to β-actin and expressed relative to control. Six animals (n = 6) were used in each group to calculate the mean ± SEM. *P < .05 or **P < .01 vs. control. or 0.4% (volume/volume) ethanol for 12 h. Sodium phenylbutyrate (4-PBA) is a chemical chaperone used to block the induction of ER stress. We dissolved 4-PBA in water at a concentration of 20 mg/ml and then added it into the medium at a working concentration of 10 mM 2 h before adding ethanol or tunicamycin. Tunicamycin is a conventional ER stress inducer by inhibiting N-linked glycosylation. We dissolved tunicamycin in dimethyl sulfoxide (DMSO) to a concentration of 10 mg/ml. In tunicamycin treatment, N2a cells were serum starved overnight and then treated with tunicamycin at a working concentration of 0.5 or 1 μg/ml for 12 h. Rapamycin is an inhibitor for mTOR. Rapamycin was dissolved in DMSO at a concentration of 1 mM. For rapamycin treatment, N2a cells were serum starved overnight and then treated with rapamycin at a working concentration of 0, 0.5, 1, 2, 5 or 10 μM for 12 h. The corresponding volume of DMSO was used as a control for the treatment of N2a cells.
RNA isolation and real-time RT-PCR
Total RNA from the brain or liver was extracted using Trizol Reagent (Life Technologies) and treated with RNA-free DNAase I to remove remnant DNA as described previously (Kim et al., 2014) . cDNA used for gene detection was synthesized as described previously using SuperScript III reverse transcriptase and random primers (Kim et al., 2014) . We purchased the primers used for this study from Fisher Scientific and were as follows: Tnf-α, Mm099999068; IL1β, Mm00434228; IL-6, Mm00446190; MCP-1, Mm00441242; 18 s rRNA, Mm03928990. The relative expression was normalized to an internal control (18 s rRNA) using cycle time (Ct). The relative difference between control and treatment group was expressed and calculated as relative increases using 2 -ΔΔCt and setting control as 1.
Statistics
The data are expressed as mean ± SEM, and statistical significance was determined using Student Unpaired t-test, one-way ANOVA or twoway ANOVA followed by Bonferroni Multiple Comparison test (GraphPad Prism version 7). A p value of < 0.5 was considered statistically significant.
Results
Binge ethanol exposure induces neurodegeneration and neuroinflammation in mouse brain
Blood ethanol concentration (BEC) was measured on days 1, 5 and 10. The BEC was 351 ± 29 mg/dl on day 1, 374 ± 21 mg/dl on day 5, and 463 ± 25 mg/dl on day 10 in the ethanol-treated group. We first determined the effects of binge ethanol exposure on neurodegeneration. As shown in Fig. 1A -F, binge ethanol exposure for 1 day failed to induce the expression of cleaved caspase-3 and caspase-12. Cleaved caspase-3 is indicative of apoptosis, and cleaved caspase-12 suggests the activation of ER stress-specific apoptosis (Nakagawa et al., 2000) . However, binge ethanol exposure for 5 or 10 days significantly increased the levels of cleaved caspase-3 and caspase-12 in the cerebellum and cerebral cortex. We confirmed ethanol-induced neurodegeneration using FluoroJade C, a marker for degenerating neurons. As shown in Fig. 1G , ethanol exposure for 10 days increased the number of Fluoro-Jade Cpositive cells in the cerebellum and cortex. The Fluoro-Jade C-labeled cells colocalized with NeuN, a marker of mature neurons, indicating neurodegeneration. Consistent with the findings in the brain, ethanol also induced apoptosis in the liver, the major organ for ethanol metabolism (Supplementary Fig. 2A-B) . Ethanol also increased the Fig. 3 . Binge ethanol exposure downregulates mTOR signaling in mouse brain. A, C, E. C57BL/6 mice were treated with water or ethanol as described in Fig. 1 and brain tissues were dissected to assess the activity of mTOR signaling by Western blotting. B, D, F. The protein levels of p-mTOR and its downstream effectors were normalized to β-actin and expressed relative to control. Six animals (n = 6) were used in each group to calculate the mean ± SEM. *P < .05 or **P < .01 vs. control. Fig. 4 . Inhibition of ER stress reduces ethanol-induced neuronal death. A. N2a cells were serum starved overnight, followed by pretreatment with or without 4-PBA (10 mM) for 2 h before ethanol treatment (0.2% or 0.4%, v/v) for 12 h. Cell lysates were collected to assess the levels of ER stress markers and cleaved caspase-3 (C-C3) by Western blotting. BeF. The protein levels of ER stress markers and C-C3 were normalized to β-actin and expressed relative to control (without treatment by ethanol and 4-PBA). Three independent experiments (n = 3) were performed to calculate the mean ± SEM. *P < .05 or **P < .01 vs. control. # P < .05 vs. the corresponding points without 4-PBA treatment. Fig. 5 . Inhibition of mTOR signaling induces ER stress. A. N2a cells were serum starved overnight, followed by pretreatment with or without 4-PBA (10 mM) for 2 h before tunicamycin treatment (0.5 or 1 μg/ml) for 12 h. Cell lysates were collected to assess the levels of ER stress markers and mTOR signaling. B-E. The protein levels of ER stress markers and p-mTOR/mTOR were normalized to β-actin and expressed relative to control (without treatment by tunicamycin and 4-PBA). Three independent experiments (n = 3) were performed to calculate the mean ± SEM. *P < .05 or **P < .01 vs. control. # P < .05 vs. the corresponding points without 4-PBA treatment. F. N2a cells were serum starved overnight followed by treatment with rapamycin (0, 0.5, 1, 2, 5 or 10 uM) for 12 h to assess the level of ER stress markers and mTOR signaling. G-J. Quantification was normalized to β-actin and expressed relative to control (without rapamycin treatment) and calculated as mean ± SEM for three independent experiments (n = 3). *P < .05 or **P < .01 vs. control.
expression of some proinflammatory cytokines and chemokines; binge ethanol exposure up-regulated IL-6 in the cerebellum and MCP-1 and IL1β in the cerebral cortex following 10 days of exposure (Fig. 1H ).
Binge ethanol exposure induces endoplasmic reticulum stress in mouse brain
With this paradigm, we next sought to determine whether binge ethanol exposure induces ER stress. Consistent with the timeline of neurodegeneration, binge ethanol exposure for 1 day did not affect the levels of ER stress markers ( Fig. 2A and B) . However, ethanol exposure for 5 and 10 days significantly increased the levels of ER stress markers including GRP78, p-eIF2α, CHOP, XBP1s, and ATF6 both in the cerebellum and cerebral cortex (Fig. 2C-F) . Ethanol also drastically increased the levels of ER stress markers in the liver (Supplementary Fig. 2A and B) . Oxidative stress has been suggested as a potential mechanism for ethanol-induced neurodegeneration (Lucas et al., 2006; Block and Hong, 2007) . Therefore, we examined the level of oxidative stress following binge ethanol exposure. While ethanol caused oxidative stress in the liver, manifested by an increased level of protein carbonyl and HNE adducts, it had little effect on that in the brain ( Supplementary  Fig. 1 ).
Binge ethanol exposure downregulates mTOR signaling in mouse brain
Since there is evidence of considerable interaction between mTOR signaling and ER stress (Appenzeller-Herzog and Hall, 2012), we assessed the effects of binge ethanol exposure on mTOR signaling in the brain. We found that binge ethanol exposure downregulated mTOR activity and its downstream signaling in the mouse brain, manifested by the decreased level of p-mTOR, and its target effectors, p-4EBP1 and pp70S6K (Fig. 3C-F) . Interestingly, the timeline of ethanol-induced downregulation of mTOR signaling paralleled to that of neurodegeneration and ER stress; that is, ethanol-induced downregulation of mTOR was only evident after 5 days of ethanol exposure.
Inhibition of ER stress ameliorates ethanol-induced neurodegeneration
To determine whether ER stress contributes to ethanol-induced neurodegeneration, we performed in vitro experiments using a mouse neuroblastoma cell line (N2a). First, we found that ethanol at a concentration of 0.2% or 0.4% was able to increase the level of ER stress markers (GRP78, XBP1s, and ATF6) and cleaved caspase-3 in N2a cells (Fig. 4A, B, C, D, and F) , confirming ethanol-induced ER stress. Consistent with the findings in vivo, ethanol also downregulated mTOR activity in N2a cells ( Fig. 4A and E) . Moreover, cotreatment with 4-PBA, a chemical chaperone used to inhibit ER stress, was able to alleviate the induction of ER stress and rescue neuronal apoptosis elicited by ethanol treatment (Fig. 4A, B, C, D, and F) . These results suggest ER stress contributes to ethanol-induced neurodegeneration.
Inhibition of mTOR signaling contributes to the induction of ER stress
To delineate the crosstalk between mTOR signaling and ethanolinduced ER stress, we used pharmaceutical approaches to manipulate mTOR signaling and ER stress in N2a cells. The treatment of tunicamycin, an ER stress inducer by inhibiting N-glycosylation, caused ER Fig. 6 . The effects of ethanol-induced neurodegeneration on animal behaviors. C57BL/6 mice received water (control) or ethanol intragastrically for 10 days. At 3 days after the last gavaging, animals were subjected to Open Field Activity (OFA) test (A-B) once. After 2 h following OFA, animals were subjected to Elevated Plus Maze (EPM) test once (C-D). At 5 days after the last gavaging, animals were subjected to Morris Water Maze (MWM) test (E-F) for 5 consecutive days. Quantification of each parameter was calculated as the mean ± SEM of ten animals (n = 10) in each group. Unpaired student t-test was used to assess the difference between control group and ethanol group in OFA and EPM and two-way ANOVA was used in MWM to assess the difference between these two groups.
stress while 4-PBA alleviated ER stress; however, they had no effects on mTOR signaling (Fig. 5A-E) . Likewise, although 4-PBA could alleviate ethanol-induced ER stress, it could not reverse ethanol-mediated downregulation of mTOR signaling in N2a cells ( Fig. 4A and E) . Conversely, rapamycin, a mTOR kinase inhibitor, inhibited mTOR signaling and meanwhile induced ER stress (Fig. 5F-J) . Collectively, these results suggest that mTOR signaling operates upstream of ethanol-induced ER stress and is involved in the regulation of ER stress in response to binge ethanol exposure.
Effects of binge ethanol exposure on animal behaviors
To determine whether the paradigm of binge ethanol exposure affects animal behaviors, we evaluated locomotor activity by Open Field Activity (OFA), anxiety-like behaviors by Elevated Plus Maze (EPM), and spatial-based learning and memory by Morris Water Maze (MWM) following ethanol exposure. For OFA, although the mice in the ethanol group showed a tendency of less activity, the total distance traveled was not significantly different between the control group and ethanol group (Fig. 6A, p = .0697) . Also during OFA, the mice in the ethanol group spent a similar period in the center compared with the mice in the control group (Fig. 6B , p = .4717). For EPM, the ratio of open arm entries versus total entries and the total distance traveled between ethanol group and control group was also not significant (Fig. 6C , p = .0545; Fig. 6D , p = .0757). Lastly, the results from the MWM test showed there was no significant difference in latency and traveled distance between the control group and ethanol group (Fig. 6E , p = .2816; Fig. 6F , p = .3285). Altogether, these results suggested that this paradigm of binge ethanol exposure did not cause a significant change in locomotor activity, anxiety-like behaviors, and spatial memory and learning.
Discussion
We demonstrated that binge ethanol exposure caused duration-dependent neurodegeneration, neuroinflammation, and ER stress in the cerebellum and cortex of adult mouse brain. However, this paradigm of ethanol exposure did not cause significant alterations in behavioral outcomes which were tested by OFA, EPM, and MWM. In vitro studies suggested that ER stress contributes to the ethanol-induced death of neuronal cells. It appeared that mTOR signaling pathway was involved in ethanol-induced ER stress.
This paradigm of binge ethanol exposure produced high BECs (300-400 mg/dl). Although the National Institute on Alcohol Abuse and Alcoholism (NIAAA) defines binge drinking as a pattern of drinking leading to a BEC of 80 mg/dl, the actual amount of alcohol consumed in human alcoholics is much higher. BECs > 300 mg/dl are not uncommon for human alcoholics (Cartlidge and Redmond, 1990; Jones, 1999; van Hoof et al., 2011; Jones and Harding, 2013; Malejko et al., 2016) . Some alcoholics with a BEC larger than 400 mg/dl are coherent and able to drive (Cartlidge and Redmond, 1990; Jones and Harding, 2013) and BECs > 500 mg/dl were reported in heavy drinkers (Jones, 1999; van Hoof et al., 2011; Malejko et al., 2016) . The paradigms of binge ethanol exposure similar to ours have been used to investigate ethanol-induced neurodegeneration, glial activation, and neuroinflammation in the brain of adult and adolescent mice (Qin et al., 2008; Qin and Crews, 2012; Kane et al., 2014) .
Multiple mechanisms have been proposed for ethanol-induced neurodegeneration including neuronal excitotoxicity, oxidative stress, and proinflammatory response (Lovinger, 1993; Zou and Crews, 2010) . In our binge ethanol drinking mice, ethanol caused little oxidative stress in the brain, although it induced significant oxidative stress in the liver. Nevertheless, we found that IL-6 in the cerebellum and MCP-1 and IL1β in the cerebral cortex were induced by ethanol exposure, suggesting that proinflammation occurred in the mouse brain. These proinflammatory cytokines may at least partially contribute to ethanolinduced neurodegeneration. ER stress is the cellular machinery used to promote the proper folding and secretion of proteins and can initiate a proapoptotic programme when the folding challenge is overwhelming. We showed that binge ethanol exposure induced ER stress manifested by an increase of ER stress markers, such as GRP78, p-eIF2α, CHOP, ATF6, and XBP1s. Interestingly, the timeline of ethanol-induced ER stress correlated well with that of ethanol-induced neurodegeneration. Ethanol activated caspase-12 which is located in the ER and activated by ER stress (Nakagawa et al., 2000; Shiraishi et al., 2006) . Cleaved caspase-12 may activate other caspases including caspase-3, and caspase-9 (Morishima et al., 2002; Kerbiriou et al., 2009) . The activation of caspase-12 leads us to hypothesize that ER stress may be involved in ethanol-induced neurodegeneration. This hypothesis was supported by our in vitro study showing that 4-PBA, an ER stress inhibitor, significantly reduced ethanol-induced ER stress as well as the death of neuronal cells. Together, these data suggested that ER stress may at least partially mediate ethanol-induced neurodegeneration.
The effect of ethanol on ER stress in the mature brain is different from that in the developing brain. Our previous study indicated that ethanol rapidly triggered neurodegeneration and ER stress in the developing brain; ethanol-induced ER stress in the neonatal brain was evident after 4-8 h of exposure, and a drastic caspase-3 activation and neurodegeneration were observed after 8 h of exposure (Ke et al., 2011) . In the adult brain, however, ethanol-induced neurodegeneration and ER stress were only observed after 5 days of exposure and to a much lesser extent. These results imply that the adult brain has a more mature unfolded protein response (UPR) system that can better cope with ER stress.
The underlying mechanisms for ethanol-induced ER stress are unclear. Acetaldehyde, a metabolite of ethanol can form adducts with proteins, nucleic acids, and lipids, which may affect protein folding (Ji, 2012) . Ethanol was also reported to cause the alteration of Ca 2+ homeostasis in the ER (Ji, 2012) , which could lead to ER stress. Additionally, ethanol metabolism generates ROS, thereby disrupting the redox status in the ER that leads to ER stress (Ji, 2012) . Neuroinflammation has also been shown to initiate ER stress in the brain (Lin et al., 2013; Clayton and Popko, 2016; Patel et al., 2017) . mTOR belongs to the family of serine/threonine kinases. It exists in two complexes, mTORC1 and mTORC2 that have different subunit compositions and undertake distinct cellular tasks (Appenzeller-Herzog and Hall, 2012) . It has been reported that ethanol downregulated mTOR signaling to promote autophagy in the developing brain, and cultured astrocytes and neurons (Luo, 2014; Pla et al., 2016) . The current study showed that binge ethanol exposure downregulates mTOR signaling both in vivo and in vitro. However, we did not observe a significant increase of autophagy in the brain following ethanol exposure (data not shown). Instead, inhibition of mTOR signaling by rapamycin could induce ER stress in neuronal cells. While 4-PBA could diminish ethanolor tunicamycin-induced ER stress, it could not reverse the ethanol-induced inhibition of mTOR signaling. This data suggested that mTOR signaling was upstream of ethanol-induced ER stress. Hence, it is likely that ER stress might act as a hub that converges signals from inflammatory response, oxidative stress and mTOR signaling.
While the effect of binge ethanol exposure on behavioral deficits in rats was well discussed in previous studies (Nixon and Crews, 2002; Nixon and Crews, 2004; Crews and Nixon, 2009; Morris et al., 2010) , only a few studies focused on binge ethanol exposure-induced behavioral deficits in adult mice. Some studies showed that binge ethanol exposure led to behavioral deficits, such as impaired spatial learning and memory, particularly in adolescent rats (Thomas et al., 1996; Obernier et al., 2002) . We did not observe significant behavioral alterations on our mice. There are several possibilities for this finding. First, it is possible that the extent of neurodegeneration under this paradigm is not adequate to incur the behavioral alterations. It may be necessary to extend the duration of ethanol exposure in future studies. Second, ethanol-induced alterations in behaviors may be reversible.
The current behavioral tests were performed 3-5 days after ethanol exposure. Third, depending on the animal model and timing/dosage of ethanol exposure, ethanol could also induce neurogenesis during or after ethanol exposure (Aberg et al., 2005; Taffe et al., 2010) . Our results showed binge ethanol exposure increases neurogenesis/proliferation in the subgranular zone (SGZ) and subventricular zone (SVZ) after 10 days of ethanol exposure ( Supplementary Fig. 3A-C) , manifested by the increase of doublecortin (DCX) and Ki-67. The newly developed neurons by neurogenesis may compensate for the neuronal deficit elicited by binge ethanol exposure.
In summary, binge ethanol exposure induces ER stress and neurodegeneration in adult mice. The induction of ER stress contributes to ethanol-induced neurodegeneration. Mechanistically, ethanol-induced ER stress is regulated at least partially by mTOR signaling. Nevertheless, it remains to be confirmed whether ER stress indeed contributes to ethanol-induced neurodegeneration in vivo. Additionally, the mechanisms for ethanol-induced ER stress have not been completely elucidated. For example, the pathways/intermediates bridging mTOR signaling and ER stress is unknown. Also, does ethanolinduced neuroinflammation contributes to the induction of ER stress or vice versa? A better understanding of the role of ER stress in ethanolinduced neurodegeneration may offer novel approaches in the prevention and treatment of ethanol-associated neurotoxicity.
All authors have read and approved the manuscript. We do not have conflict of interest. This manuscript has not been and will not be submitted or published in other scientific journals in whole or in part while it is under the consideration of Toxicol Appl Pharmacol.
